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A B S T R A C T

Due to the unique micro/nanoscale rough surface structures and water-repellency, the superhydrophobic sur-
faces hold great potential of anti-corrosive protection. This study reported a facile and controllable electro-
spinning technology to fabricate polyvinylidenefluoride (PVDF)/stearic acid (SA) nanofibers onto metal sub-
strates for long-time anti-corrosive protection. Moreover, the anti-corrosion performances of the
superhydrophobic nanofibers coated metal substrates were characterized by the Tafel polarization curve and
electrochemical impedance spectroscopy (EIS). In addition, the electrochemical corrosion test results demon-
strated the superhydrophobic PVDF/SA nanofibrous coatings possessed superior anti-corrosion performances for
long-term metal substrates preservation, even after being immersed in a 3.5 wt% NaCl aqueous solutions up to
30 days. Therefore, we deeply believe the superhydrophobic PVDF/SA nanofibrous coatings could present a
superior application prospect in anti-corrosive protection.

1. Introduction

Since 1997, when Barthlott and Neinhuis firstly revealed the su-
perhydrophobic phenomenon on the natural lotus leaf surface [1,2],
and this special phenomenon was subsequently discovered on various
surfaces of plants' leaves [3], petals of several flowers [4] and body
cortexes of diverse insects [5] with their water contact angles (WCAs)
larger than 150°. As well known, a surface with WCAs greater than 150°
and sliding angles of less than 10° could be supported to be a super-
hydrophobic surface [6–8]. In recent years, biomimetic super-
hydrophobic surfaces have been widely fabricated and exhibited re-
markable significance application value in many fields [9], such as self-
cleaning [10], anti-fogging [11], anti-corrosion [12], anti-icing [13],
oil/water separation [14], selective liquid transportation [15] and so
forth. Generally, three strategies were existed for fabricating a super-
hydrophobic surface [16,17]. One is simply enhance the micro-/nano-
scale roughness, the other is only modifying with the low-surface-en-
ergy compounds, the third is one or more steps combination of both
afore-procedures [18]. Even though the former two strategies could
achieve the transition from hydrophobicity to superhydrophobicity on
the basis of Wenzel and Cassie models [19,20], they are nonstable. The
strategy of effectively co-operation of micro-/nano-scale rough struc-
ture and low-surface-energy compounds on a surface, which can

contribute to a better stable superhydrophobic surface with excellent
anti-corrosion property. In depth, the suitable rough structure of a su-
perhydrophobic surface could trap a small amount of air to prevent
water, moisture and corrosive solutions from reaching the base, and the
low-surface-energy compounds can provide a lower surface energy,
which was essential for generating a stable superhydrophobic surface
[21–23]. To the best of our knowledge, traditional fabrication methods
of superhydrophobic surfaces are always involving two steps: firstly
creating rough structure and then modified with low-surface-energy
materials, which are very cumbersome [24,25]. Thus, we envisage that
if the two steps that traditional superhydrophobic surface fabrication
processes involved could accomplish in just a single procedure, and
thus the complexity of developing procedures could be omitted. Herein,
the stable superhydrophobic surfaces are fabricated by using the simple
one-step process, electrospinning technology to spin superhydrophobic
polymer nanofibers onto many metal substrates.

Furthermore, long-time anti-corrosive property was very important
for real application of superhydrophobic surfaces as a result of the
corrosive environments that metal substrates faced is becoming in-
creasingly serious. Besides, corrosion always causes huge economic loss
every year in both developed and under developing countries.
Corrosion of metal substrates is one of the major problems in con-
temporary society and industrial sector. Generally, the formations of
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metal oxide film such Cr2O3 film on the surface of metal substrates is
used to control its corrosion in aggressive medium. Nowadays, chro-
mate treatment is still widely used to promote the formation of the film
in order to protect stainless steel mesh [26]. However, Cr (VI) is a
carcinogenic agent [27]. In addition, such treatment would pose an un-
repairable damage to substrates. As a consequence, it is imperative to
conduct a superwetting material to replace the use of toxic chromates
with green anti-corrosion coatings.

As we all known, polyvinylidenefluoride (PVDF) is commonly used
polymer materials because of its excellent antioxidation and anti-cor-
rosion property, favorable thermal stability and good mechanical be-
haviour [28,29]. In addition, the PVDF polymers are intrinsically hy-
drophobicity (WCAs of 130 ± 1°) but they are not
superhydrophobicity, which brings many difficulties for long-time anti-
corrosive protection. To overcome this, stearic acid (SA) was mixed into
the PVDF polymer for obtaining a PVDF/SA polymer with super-
hydrophobic property. Herein, the simple, low-cost electrospinning
technique was used to construct a superhydrophobic surface onto many
metal substrates. Moreover, the obtained PVDF/SA nanofibers coated
substrates demonstrated excellent superhydrophobicity with WCAs of
155 ± 2°. Furthermore, the long-time corrosion behaviors of the pure
PVDF, superhydrophobic PVDF/SA nanofibers coated Al sheets and
bare Al sheet were respectively investigated by the Tafel polarization
curve and electrochemical impedance spectroscopy (EIS). The results
indicated that superhydrophobic PVDF/SA nanofibrous coatings ex-
hibited excellent long-time corrosion resistance than that of pure PVDF
nanofibrous coatings. To sum up, the superhydrophobic PVDF/SA na-
nofibrous coatings presented a superior application value in long-time
anti-corrosive protection.

2. Experimental

2.1. Materials

Polyvinylidenefluoride (PVDF) was purchased from Xiya Chemical
Industry Co. Ltd., Shandong, China. N,N-dimethylformamide (DMF)
was purchased from Guangdong Guanghua Technology Co., Ltd.,
Guangdong, China. Stearic acid (SA) was purchased from Shanghai
Shan Pu Chemical Co., Ltd., Shanghai, China.

2.2. Preparation of PVDF/SA nanofibrous membranes

Firstly, the SA (2 g) was dissolved into 10mL of acetone/DMF (4/1,
mL/mL) to obtain SA solution. Subsequently, 8 g of PVDF powder was
added into the SA solution. Finally, the obtained PVDF/SA solution was
magnetically stirred for 10 h at room temperature (25 °C) to produce
the homogeneous solution. Herein, acetone and DMF acted as solvents
in the processes of electrospinning solution generation. An electro-
spinning setup was used to spin nanofibers onto many metal substrates
(Such as Al sheet, mesh) at room temperature (25 °C) with a positive
voltage of 16 kV applied on the needle and a negative voltage of 2 kV

applied on the collecting substrate. The distance between the spinneret
and the collector substrate was 15 cm. The rate of solution flow was set
at 0.8mL/h through a syringe pump, and the ambient relative humidity
was around 40%. After being proceeded for 30min, the as-prepared
nanofibrous membranes were dried at 80 °C for 2 h to remove the re-
sidual solvent. Pure PVDF nanofibrous membranes were also prepared
as a reference to compare with PVDF/SA membranes.

2.3. Electrochemical corrosion studies

Electrochemical corrosion measurements were carried out in a
3.5 wt% NaCl solution using a computer-controlled CHI600E electro-
chemical workstation. A conventional three-electrode system was uti-
lized with a saturated Ag/AgCl as the reference electrode, a platinum
plate as the counter electrode and the samples (bare Al sheet, PVDF
nanofibers coated Al sheet and PVDF/SA nanofibers coated Al sheet
that after immersion in 3.5 wt% NaCl solutions for different time) with
an exposed area of 1 cm2 as the working electrode. At first, the super-
hydrophobic nanofibers coated sample was immersed in a 3.5 wt%
NaCl corrosive solution to establish the open circuit potential (Eocp).
Tafel polarization curves were obtained at a potential sweep rate of
1mV s−1, and the corrosion data were obtained through superimposing
a straight line along the linear portion of the cathodic and anodic
curves. The electrochemical impedance spectroscopy (EIS) measure-
ments were conducted at Eocp in the frequency ranged from 10mHz to
100 kHz with two cycles at each frequency using an ac perturbation of
5mV. Impedance data were analyzed by using ZSimpWin software.

2.4. Instrumentations and characterization

The electrospinning setup was composed of high voltage DC power
(DW-P503-1ACDF, Tianjin, China) and electrospinning machine
(JDF05, Changsha, China). Morphological analysis of the nanofibrous
membranes was performed using a field-emission scanning electron
microscope (FE-SEM, Zeiss). Static water contact angle (WCA) values
were obtained using an SL200KB apparatus at ambient temperature
with 5 μL of distilled water on the surface of nanofibrous membranes.
Fourier transform infrared (FT-IR) spectroscopy was performed with a
Bio-Rad FTS-165 instrument. Electrochemical measurements were
carried out by using a computer-controlled CHI660E electrochemical
workstation.

3. Results and discussion

Fig. 1 demonstrated the fabrication process of the superhydrophobic
PVDF/SA nanofibrous membrane with its applications in anti-corro-
sion. The electrospinning solution was prepared by simply mixing PVDF
and SA into DMF/acetone solutions, and then magnetically stirred for
10 h. The details of fabrication process of PVDF/SA nanofibrous mem-
branes are displayed in the Experimental Section. The fabrication pro-
cess of the PVDF/SA nanofibrous membranes is extremely facile, low-

Fig. 1. Illustration of fabrication process of the PVDF/SA nanofibrous coatings via electrospinning technology, and their applications of anti-corrosive protection.
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cost and easily scaled up, which possessed excellent application value in
anti-corrosive protection.

The morphologies of the as-prepared PVDF/SA and pure PVDF na-
nofibrous membranes were studied by FE-SEM. Without SA mixing, the
pure PVDF nanofibers exhibited spider web-like structure with an
average diameter around 50 nm, as shown in Fig. 2a. Moreover, it also
can be seen that the knot-like structures are regularly distributed in
pure PVDF nanofibers with a smooth surface (Fig. 2a′). The well dis-
tributed spindle-knot and joint structures in the nanofibers led to a
rough surface of the pure PVDF nanofibrous membranes. After addition
of SA, the diameter of the PVDF/SA nanofibers increased and spindle-
knot and joint structures disappeared (Fig. 2b). Here, it should be
mentioned that the thickness of as-prepared PVDF/SA nanofibrous
membranes is about 30 μm (Fig. 2b′). Besides, a lot of nano-scale debris
appeared on the surface of PVDF/SA nanofibers, indicating SA was
successfully blended into the PVDF nanofibers. Therefore, the nano/
micro-scale debris not only greatly enhanced the roughness of nanofi-
brous surfaces, but also endowed the surface of nanofibers a lower
surface energy.

The wettability property of the pure PVDF nanofibrous coating
blended into SA before and after was evaluated by WCA measurements.
As shown in Fig. 3a, the WCA of pure PVDF nanofibrous coating is
approximately 130 ± 1°. While, the WCA of PVDF/SA nanofibrous
coating is up to 155 ± 2° (Fig. 3a), demonstrating excellent super-
hydrophobicity. Moreover, the increase of WCAs is possibly contributed
to the synergetic effect of the lower free surface energy of SA and the
enhanced surface roughness [30–32]. Besides, the adhesion capability
of PVDF/SA nanofibrous coating was evaluated by water sliding angle
measurement. As shown in Fig. 3c, the sliding angle of PVDF/SA na-
nofibrous coating was measured to be approximately 5 ± 1°, in-
dicating lower adhesion force. Furthermore, the PVDF/SA nanofibrous
coating also exhibited excellent superhydrophobic stability. As shown
in Fig. 3d, the WCA of PVDF/SA nanofibrous coating after immersing in
3.5 wt% NaCl for 30 days and then washed by ethanol was approxi-
mately 151 ± 1°, illustrating better anti-corrosive stability.

Furthermore, the anti-corrosive property of as-prepared PVDF/SA
nanofibrous coatings was sufficiently investigated for evaluating their
possibility of practical applications in corrosive mediums [33–36].
Therein, the Tafel polarization curve is the most efficient method to

detect the anti-corrosion performances of surperhydrophobic coatings
for metal surface protection. In a typical Tafel polarization curve, the
excellent corrosion resistance always possesses a lower corrosion rate
(CR), which corresponds to a higher corrosion potential (Ecorr) or a
lower corrosion current density (Icorr) [37–40]. The corrosion resistance
of the superhydrophobic PVDF/SA nanofibrous coatings was tested in a
3.5 wt% NaCl aqueous solution by the way of electrochemistry. Fig. 4
displayed the Tafel polarization curves of bare Al sheet, pure PVDF and
PVDF/SA nanofibers coated Al sheet after immersion in 3.5 wt% NaCl
aqueous solutions for different times at room temperature. The Tafel
regions can be easily identified from the anodic and cathodic curves
and corresponding corrosion data obtained by using the Tafel extra-
polation method are given in Table 1. The CR values of the bare Al
sheet, pure PVDF and PVDF/SA nanofibers coated samples were cal-
culated by the following equation [41]:

× I M
VD

C = 3270 corr
R (1)

where 3270=0.01× [1 year (in s)/96,497.8] and 96,497.8= 1 F in
Coulombs. M is the atomic mass of Al, Icorr is determined by an inter-
section of the linear portions of the anodic and cathodic sections of the
Tafel curves, V is the valence (the number of electrons that are lost
during the oxidation reaction), and D is the density of Al sheet [42,43].

The corresponding corrosion data of bare Al sheet, pure PVDF and
PVDF/SA nanofibers coated samples were presented in Table 1. It can
be easily seen that the Ecorr of superhydrophobic PVDF/SA nanofibers
coated samples immersed in 3.5 wt% NaCl solution for 6 h is still larger
than that of pure PVDF nanofibers coated samples and bare Al sheets.
Moreover, the Icorr and CR of the PVDF/SA nanofibers coated samples
immersed in 3.5 wt% NaCl solution for 6 h are nearly 400 times smaller
than that of pure PVDF nanofibers coated samples. More importantly,
the Icorr and CR of the PVDF/SA nanofibers coated samples after im-
mersion in 3.5 wt% NaCl solution for 30 days are still 100 times smaller
than that of pure PVDF nanofibers coated samples and kept almost as
the same as that of the PVDF/SA nanofibers coated samples after im-
mersion for 6 h, indicating excellent long-time anti-corrosive perfor-
mances. From what has been discussed above, we can conclude that the
as-fabricated PVDF/SA nanofibrous coatings exhibited outstanding
anti-corrosive property for long-time metal substrates preservation than
that of pure PVDF nanofibrous coatings.

Fig. 2. (a, a′) FE-SEM images of pure PVDF nanofibrous coating. (b, b′) FE-SEM images of PVDF nanofibrous coating.
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The electrochemical impedance spectroscopy (EIS) was further used
to characterize the corrosion behaviors of bare Al sheet, pure PVDF and
PVDF/SA nanofibers coated samples. The EIS measurements were
performed under open circuit potential in 3.5 wt% NaCl corrosive so-
lutions with a frequency ranging from 10mHz to 100 kHz. Fig. 5a

depicts the evolution of the impedance spectra of bare Al, pure PVDF
and PVDF/SA nanofibers coated samples after immersion in a 3.5 wt%
NaCl solutions for different time. It can be seen that the EIS spectra of
such samples displayed a large semicircle and a tail, in which the dia-
meter of the large semicircle (also termed as high-frequency capacitive
loop) in the impedance plots signifies the polarization resistance of the
nanofibrous coatings and a tail (also termed as low-frequency capaci-
tive loop) is influenced by electron diffusion. It also can observe that the
loops of the impedance spectra of the PVDF/SA nanofibers coated
samples after immersion in 3.5 wt% NaCl solutions for 30 days are
larger than that of PVDF/SA, pure PVDF nanofibers coated samples
after immersion in 3.5 wt% NaCl solutions for 6 h and bare Al sheet
(Fig. 5a). In addition, the loops of the impedance spectra of PVDF/SA
nanofibrous coatings enhanced greatly with the increment of their
immersion time. Besides, the PVDF/SA nanofibers coated samples after
immersion in 3.5 wt% NaCl solutions for 6 h exhibited a higher im-
pedance value than that of the interface for pure PVDF nanofibers
coated samples and bare Al sheet. The results of the impedance spectra
agree well with the bode plot of impedance modulus |Z| as a function of
frequency. As shown in Fig. 5b, we can observe that the impedance
modulus |Z| of the PVDF/SA nanofibers coated samples after immersion
for 6 h remained high value of approximately 8.711×106Ω cm2 at low
frequency, which is about 40 times higher than that of pure PVDF na-
nofibers coated samples and 500 times higher than that of bare Al sheet.
In addition, the impedance modulus |Z| value of the PVDF/SA nanofi-
brous coating slightly increased at low frequency and decreased greatly
at high frequency with the immersion time up to 30 days. Moreover, the
impedance modulus |Z| value of PVDF/SA nanofibrous coating after
immersion in 3.5 wt% NaCl solutions for 30 days at low frequency
maintained about 1.354×106Ω cm2, which is about 20 times higher

Fig. 3. The WCA of (a) pure PVDF nanofibrous coating and (b) PVDF/SA nanofibrous coating. (c) The sliding angle of PVDF/SA nanofibrous coating. (d) The WCA of
PVDF/SA nanofibrous coating that was immersed in 3.5 wt% NaCl solutions for 30 days.

Fig. 4. Tafel polarization curves of a bare Al sheet substrate after immersion in
a 3.5 wt% NaCl aqueous solution for 2 h and pure PVDF nanofibers coated Al
sheet after immersion in 3.5 wt% NaCl aqueous solutions for 6 h, and PVDF/SA
nanofibers coated Al sheet after immersion in 3.5 wt% NaCl aqueous solutions
for 6 h and 30 days, respectively.
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than the resistance of pure PVDF nanofibrous coatings. As shown in
Fig. 5c, the EIS spectra of the PVDF/SA nanofibers coated samples after
immersion in a 3.5 wt% NaCl solution for 6 h presented a steady up-
ward trend from low frequency to medium frequency, and a rapid up-
ward trend at high frequency. In addition, the EIS spectra of the bare Al,
pure PVDF nanofibers coated samples and PVDF/SA nanofibers coated
samples after immersion for 30 days displayed one phase at medium
frequency. Moreover, it also can be seen that with the immersion time
increasing from 6 h to 30 days, a phase maximum appeared at medium
frequency in the EIS spectra of the PVDF/SA nanofibers coated samples.
Furthermore, at high frequency, the value of −φ of PVDF/SA nanofi-
bers coated samples after immersion in 3.5 wt% NaCl solution for
30 days was still larger than that of pure PVDF nanofibers coated
samples immersion for 6 h, indicating excellent anti-corrosive perfor-
mances for long-term metal substrates protection.

Both Tafel polarization curve and EIS results indicated that the
addition of SA could improve the corrosion resistance of the pure PVDF
nanofibrous coatings significantly and the PVDF/SA nanofibrous coat-
ings showed excellent anti-corrosive property. The excellent anti-cor-
rosive performances of the superhydrophobic PVDF/SA nanofibrous
coatings is contributed to the synergistic effect of the small amount of
air trapped in rough porous structures and the superhydrophicity of
PVDF/SA nanofibers. Essentially, such synergistic effect is reducing the
contact area between corrosive solutions and metal substrates, which
can be illustrated by its corrosion resistant mechanism (Fig. 6). Speci-
fically, (1) the Al2O3 film has an anti-corrosion performance inherently.
(2) The PVDF/SA nanofibrous coatings could generate a physical bar-
rier effect for corrosive solutions. (3) The small amount of air trapped in
micro-pores structures provides an extra barrier layer to obstruct cor-
rosive solutions permeation, which plays an important role to prevent
corrosive solutions from touching the underlying metals. (4) The well-
dispersed superhydrophobic SA could reinforce the anti-corrosion per-
formance of PVDF nanofibrous coatings, owing to it could significantly
reduce the contact area between corrosive solutions and underlying
metals [44]. Herein, various shapes of the pores in the PVDF/SA na-
nofibrous coatings were assumed to be cylindrical pores. Thus, the re-
duction of contact area can be characterized by Yang-Laplace equation:

∆ = ⎛
⎝

−
′
⎞
⎠

p γ
R R
1 1

(2)

where Δp is the pressure difference between the liquid surface and gas
surface, γ is the liquid surface tension, R is the radius of the pores and
R′ is the radius of the curved liquid surface. As presented in Fig. 6, it can
be clearly seen that the radius of the curved liquid surface (R1) of PVDF
nanofibrous coatings is larger than that (R2) of PVDF/SA nanofibrous
coatings, which was due to the CA of PVDF/SA nanofibrous coatings is
greater than that of PVDF nanofibrous coatings. Based on Eq. (2), we
can find that Δp2 is greater than Δp1 in Fig. 6, which indicated the
PVDF/SA nanofibrous coatings could provide larger capillary force to
prevent corrosive solutions intrusion. It is known to all that the pressure
value is inversely proportional to the contact area. Therefore, we can
conclude that after adding SA, the contact area between corrosive li-
quids and metal substrate was significantly reduced.

Table 1
Corresponding corrosion data of following samples after immersion in 3.5 wt% NaCl solution for different time obtained from a Tafel polarization measurement.

Samples Bare Al PVDF-Al PVDF/SA-Al PVDF/SA-Al

Corrosion time 2 h 6 h 6 h 30 days

Ecorr (eV) −1.325 −1.031 −0.765 −1.133
Icorr (A cm−2) 1.488× 10−6 2.055× 10−7 8.095× 10−9 8.125× 10−9

CR (mm year−1) 0.01622 2.240× 10−6 8.824× 10−8 8.829× 10−8

Fig. 5. EIS results of bare, PVDF and PVDF/SA nanofibers coated Al surfaces in
3.5 wt% NaCl solution after different immersion time. (a) Nyquist plots, (b)
bode |Z| versus frequency plots, and (c) bode phase angle versus frequency
plots.
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4. Conclusion

In summary, a facile, low-cost electrospinning technique was em-
ployed to construct the superhydrophobic PVDF/SA nanofibrous coat-
ings. Moreover, the as-fabricated PVDF/SA nanofibers coated alu-
minum substrate exhibited larger impedance and lower corrosion
current density than does the PVDF nanofibers coated aluminum sub-
strate, even for 30 days of immersion in a 3.5 wt% NaCl corrosive so-
lution, which demonstrated the superhydrophobic PVDF/SA nanofi-
brous coatings possessed superior anti-corrosion performances for long-
term metal substrates preservation. Therefore, the as-prepared super-
hydrophobic PVDF/SA nanofibrous coatings hold great potential in
anti-corrosive protection.
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